The molecular packing of a new class of perylene diimide-based acceptor-donor (A-D) co-oligomers has been investigated by combining electron diffraction and X-ray scattering methods for AD dyads and an ADA triad structure. The AD and ADA compounds form highly ordered lamellar mesophases with well-defined donor and acceptor domains. To determine the structure of the co-oligomers, highly oriented films with different orientations were prepared. Both flat-on and edge-on orientations of the lamellae were obtained by using two different alignment methods. High temperature rubbing leads to edge-on oriented lamellae with the long molecular axis of the co-oligomer oriented almost parallel to the rubbing direction. Instead, on oriented substrates of poly(tetrafluoroethylene) (PTFE), flat-on lying lamellae with the p-stacking direction oriented parallel to the PTFE chains are obtained. The structural data gathered by low dose selected area electron diffraction and high resolution transmission electron microscopy are used to establish a structural model of an AD dyad. Driven by the strong p-stacking of the PDI core, both AD and ADA co-oligomers form two similar self-assembled lamellar structures with an original zipper-like organization of the PDI blocks.
I. Introduction
In the last decade, composite materials associating electrondonor (D) and electron-accepting (A) p-conjugated units have gained an important place in plastic electronics. [1] [2] [3] Research on these systems is mainly motivated by applications such as organic photovoltaics (OPV) or ambipolar charge transport. Of high interest is the possibility to create a bulk heterojunction between donor and acceptor molecules or polymers for organic photovoltaic applications. 4, 5 Several teams have shown that a well-controlled nanostructuring of donor and acceptor domains can be obtained by the design of self-assembling block copolymers 6 or co-oligomers. 7 Many of these systems are based on acceptor groups of fullerene C 61 or C 71 . 7d-g However, in the past decade, perylene diimide (PDI) has become an interesting alternative acceptor molecule to C 61 . Since absorption properties are essential for photovoltaic conversion, PDI has been more and more integrated into macromolecular and molecular systems. 8 Many PDI-based architectures have been synthesized and interesting properties e.g. n-type transport 9 and OPV activity were demonstrated. 10, 11 PDI is a conjugated macrocycle with remarkable electron accepting properties, chemical stability, dye properties and can moreover be functionalized in various positions (bay and imide), giving a handle on electronic and optical properties. Various groups have recently reported the design and electronic properties of donor-acceptor co-oligomers based on PDI rather than block copolymers. Geng et al. showed that PDI-based AD dyads form well defined lamellar mesophases with a perfect phase separation at a sub-10 nm length scale between the PDI acceptor and the donor block, as is required for an efficient bulk heterojunction in OPV.
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Recently we reported the synthesis and physico-chemical properties of new co-oligomer architectures including ADA and DAD triads of interest for OPV applications. 12 Contrary to AD and ADA co-oligomers that form lamellar mesophases with long range order, the DAD triads were found to be essentially amorphous. The absence of long range order of DAD triads was explained by the marked discrepancy between molecular areas of D and A segments. Since the molecular area of D is about twice the area of A, the packing of AD and ADA implies a double-layer organization with layers of overlapping PDI blocks (see Fig. 1 ). Such a stacking mode is not possible for DAD because of the presence of the sterically demanding alkyl sidechains on the donor blocks. Based on the available powder diffraction data, two different packing schemes were proposed (see Fig. 1 ) but could not be discriminated. Many of these self-assembling co-oligomers cannot be obtained as macroscopic single crystals suitable for classical X-ray structure determination. This is even more of a problem as the self-assembled systems form mesophases rather than crystalline phases. It is therefore necessary to resort to alternative approaches to construct realistic structural models of such co-oligomeric systems in order to understand the impact of packing of donor and acceptor moieties on electronic properties of the systems. The classical approach is to grow oriented fibers, that yield however only limited structural information.
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In this study, we use a different methodology that combines low dose electron diffraction, high resolution Transmission Electron Microscopy (HR-TEM) and X-ray diffraction data on highly oriented thin films. This approach was successful in the case of regioregular poly (3-hexylthiophene) and poly(9,9 0 -dioctyl-fluorene) thin films prepared by directional epitaxial crystallization. [14] [15] [16] It is applied here to the AD 0 dyad composed of a PDI acceptor block and a donor block made of thiophene, benzothiadiazole and fluorene units (see Fig. 1 ). The difficult single-crystal growth is circumvented by producing highly oriented films of the polymers or molecular materials that can potentially yield single-crystal like electron diffraction patterns used further for the structural modeling. In the present case, alignment of the lamellar mesophases was obtained by using high-temperature rubbing and epitaxy on friction-transferred poly(tetrafluoroethylene) (PTFE). On the one hand, high-T rubbing produces very high levels of both orientation and crystallinity in conjugated semi-conducting polymers e.g. poly(3-alkylthiophene)s and poly(thienothiophene)s as well as in alternating co-polymers. [17] [18] [19] [20] On the other hand, epitaxy on oriented PTFE is a simple means to grow highly oriented films of molecular semi-conductors such as acenes, phthalocyanines or columnar mesophases of larger macrocycles such as hexabenzocoronene. 21, 22 This study presents successively, (i) the growth of oriented films of the co-oligomers by high-temperature rubbing and by epitaxy on friction-transferred poly(tetrafluoroethylene) (PTFE), (ii) the evidence of a zipper-like packing of the co-oligomers by HR-TEM and (iii) the structural determination using ED and GIXD data.
II. Results and discussion
A. Orientation of AD 0 co-oligomers
To build a structural model of AD 0 , highly oriented films were prepared using high-T rubbing and epitaxy on friction-transferred PTFE. The detailed procedures used to prepare and characterize the structure of the films are given in the ESI. † Let us first consider the results obtained on rubbed films of the co-oligomers. For both the AD 0 and the AD 1 dyads, UV-vis spectroscopy and POM (see Fig. S1 and S2, ESI †) show that high-T rubbing aligns the co-oligomer molecules parallel to the rubbing direction but TEM does not reveal any ordered structures (see Fig. S3a , ESI †). As demonstrated nicely by in situ TEM experiments (see Fig. S3b , ESI †), an additional post-rubbing thermal annealing at T Z 160 1C is necessary to induce the growth of an oriented lamellar mesophase of AD 1 with the co-oligomer molecules lying essentially in the plane of the substrate and almost parallel to the rubbing direction R. Largescale orientation of the lamellar mesophases is indicated by both the ED patterns shown in Fig. 2a and the GIXD patterns (see also Fig. S4 and S5, ESI †). In rubbed AD 0 films, the crystalline lamellae are oriented normal to the substrate plane (so-called standing lamellae) and perpendicular to the rubbing direction (the indexation of the rather complex ED patterns is discussed in the ESI †). The carefull analysis of the ED pattern indicates that two populations of standing lamellae coexist, they are made of either ''edge-on'' or ''face-on'' molecules relative to the substrate plane (see the schematic illustration in Fig. 2e and f). Characteristic fingerprints of these two populations of standing lamellae are also observed in the corresponding GIXD patterns (see Fig. S5 , ESI †).
Second, epitaxied layers on oriented PTFE substrates yield films with standing co-oligomer molecules. The TEM images in Fig. 2h depict the typical terraced morphology of melt-annealed co-oligomer films deposited on oriented PTFE for AD 0 . Fig. 2h shows mono-layer-thick AD 0 lamellae between PTFE fibers and multi-layer thick lamellae on top of PTFE fibers. Accordingly, after cooling from the melt, the co-oligomers crystallize as flatlying lamellae characterized by a typical terraced morphology corresponding to standing/tilted co-oligomer molecules (Fig. 2g) . The selected area electron diffraction pattern of AD 0 flat-lying lamellae indicates that the lamellae grow with a (001) contact plane and that the p-stacking direction of the AD 0 molecules (the b axis) is parallel to the PTFE chains (c PTFE ) (see Fig. 2i ). In conjugated materials like pentacene and some phthalocyanines, such an orientation of lamellar crystals was explained by ledgedirected nucleation. 21 In that case, oriented aggregates are nucleated by the PTFE fibers and the crystals grow along the PTFE fibers (the fast growth direction usually aligns parallel to the PTFE chain direction). A similar mechanism is probable also in the present case because the p-stacking of all investigated co-oligomers aligns parallel to the PTFE chains.
B. Evidence for a zipper-like packing using low dose HR-TEM
Let us first find an argument to discriminate between the two proposed models in Fig. 1 . 12 As seen in this figure, the major difference between the two packing modes stems from the arrangement of the AD 0 molecules along the a axis. In model 1, the donor groups are strongly p-stacked in (b, c) planes separated by the alkyl side-chains rejected on both sides of the donor backbone along a. As a result, the AD 0 molecules form layers of alternating conjugated backbones and layers of alkyl side chains with periodicity a = 1.74 nm. By contrast, for model 2, the donor groups are packed with their conjugated backbones side-by-side and the alkyl side chains are rejected outwards along the a axis, which results in a period 2a = 3.5 nm between layers of conjugated backbones and layers of alkyl side-chains. Moreover, in model 2, the donor groups are not strongly p-stacked because the successive layers of AD 0 molecules along the b axis point alternatively along a and Àa. Interestingly, these two models can be discriminated based on some HR-TEM images of the co-oligomers. Fig. 3 shows some representative HR-TEM images of the rubbed and annealed films of AD 0 , AD 1 and ADA. As shown previously, the films consist essentially of edge-on oriented lamellae. However, the ED patterns show that within the edge-on lamellae, the stacking of the molecules can occur with the p-stacking either in-plane or along the film normal. As a matter of fact, the low dose HR-TEM images show some areas with a zipper-like selforganization of the AD n and ADA co-oligomers (see Fig. 3 ). To observe this zipper-like organization in HR-TEM, it is necessary that the direction of the electron beam coincides exactly with the p-stacking direction (b axis) of the domains in the thin films.
Since the dominant population of standing lamellae corresponds to the (100) contact plane (i.e. co-oligomers with an ''edge-on'' orientation of the molecule), the zipper-like arrangement is seen occasionally as it corresponds to the minority population of lamellae with (010) orientation on the substrate (i.e. co-oligomers with a ''face-on'' orientation, see Fig. 2f ).
The contrast in the HR-TEM image of the zipper-like arrangement results from the electronic density difference between the zones of alkyl side-chains (bright) and the conjugated backbone of the co-oligomer (dark grey) (see also the schematic representation in Fig. 3) . The important point is that the period along the zip corresponds to a = 1.7 AE 0.1 nm i.e. to what is indeed expected for model 1, whereas a period twice as large is expected for model 2. This result therefore confirms that the molecular packing of Fig. 1a is the most likely. The major novel evidence provided by HR-TEM with respect to the initial model 1 is that the successive columns of p-stacked PDI blocks are not aligned to form a plane of PDI columns as proposed initially in Fig. 1a , but form a zipper-like arrangement as shown schematically in Fig. 3 . The shift between successive (b, c) planes in the zipper along the c axis can be estimated from the HR-TEM images: d c = 0.8 AE 0.2 nm. This zipper-like arrangement will be validated further by the structural data gained by ED and GIXD, and its origin will be explained based on the resulting structural model.
The HR-TEM images (Fig. 3c) reveal an additional periodic sub-structure within the lamellae in the form of two additional fringes but with a lower contrast as compared to the dominant dark fringe. This substructure corresponds to a periodic Z contrast modulation inside the lamellae possibly due to the alternation of sulfur-rich/poor zones of the donor block. For AD 0 , this sub-structure observed by HR-TEM is consistent with the strong intensity of the (003) reflection seen in the FFT and the LAED patterns as it corresponds to a L/3 period. This information will be of much help in the derivation of structural model of AD 0 .
C. Structural model of AD 0 obtained from GIXD and ED data
The GIXD and ED data obtained on the oriented films of AD 0 have been used to refine the structure of this co-oligomer beyond the schematic model of the zipper-like arrangement proposed in Fig. 3 . The experimental and calculated ED and GIXD patterns with proper indexation are given in Fig. 4 Fig. 4a indicates already the systematic absence of the (0 2n + 1 0) and the (2n + 1 0 0) (n = 0, 1) reflections. Therefore, two selection rules are identified: (h00) with h = 2n and (0k0) with k = 2n. The former condition is consistent with the fact that alkyl side chains of successive donor blocks along b must point alternatively along a and Àa. The P2 1/c space group with unique axis a agrees with the two selection rules and the fact that Z = 4, was chosen for the modeling.
The exact methodology followed in the trial-and-error refinement of the AD 0 structure is detailed in the ESI † (see Fig. S6 ). The model of AD 0 yielding the best agreement between experimental and calculated ED patterns along three different zones ([100] , [001] and [021] ) is shown in Fig. 5 for two characteristic projections along the unit cell axes.
The model accounts for the main features of the experimental patterns obtained by SAED and rotation-tilt. In particular, the presence of the strong (AE120) reflections in the pattern corresponding to the [001] zone is very well reproduced. Also, for the [100] zone, the presence of several (02l) reflections forming a quasi-continuum explains the broad reflection seen in the ED pattern of Fig. 2a and the GIXD pattern of Fig. 4d . Accordingly, the structural model is consistent with HR-TEM data and supports a zipper-like packing of the co-oligomers. In addition, the calculated powder X-ray diffraction pattern in Fig. S7 (ESI †) matches well the experimental pattern for AD 0 . Discrepancies can be accounted for by the fact that the model represents a crystalline structure in which the ethylhexyl and octyl side-chains are given a unique position whereas in the films analyzed by TEM and GIXD, AD 0 forms a lamellar mesophase with disorder in the arrangement of the alkyl sidechains as indicated by the broad reflection at 1.5 Å À1 in the XRD patterns.
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Both the PDI and the donor blocks are p-stacked in the structure of AD 0 , in agreement with results obtained by dark field TEM (see Fig. S8 , ESI †). The AD 0 molecules are p-stacked in pairs with a strong overlap of both the perylene units and the donor groups. The PDIs form p-stacked columns in a slipped cofacial arrangement: two successive PDIs in a column along b are shifted both along the a and the c axes. In a pair of successive AD 0 molecules along b, the lateral alkyl chains of the donor are rejected on either side of the conjugated skeleton. Moreover, head-to-tail stacking of benzothiadiazole units along the b axis leads to strong overlaps between their benzene groups, reminding the situation found for some alternating benzothiadiazole-based copolymers as well as some oligomers.
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Of importance is the fact that the strong p-p overlap between PDI blocks enforces a similar very tight p-p stacking of the donor block with short 3.4-3.5 Å intermolecular distances.
It is worth noting that the terminal ethylhexyl chain of the PDI is packed together with the lateral ethylhexyl chains of the thiophene of the donor block. Successive co-oligomer pairs along the a axis organize in a ''head-to-head'' arrangement with the donor skeletons pointing alternatively along c and Àc and the PDIs located close side-by-side. This organization brings about a regular zipper-like molecular packing. This zipper-like structure is such that the PDI cores in two successive (b, c) planes are shifted along the c axis by d c = 0.7 nm. This shift of every second (b, c) layer leads to the observed intensity-evolution of the (00l) reflections and in particular to the enhanced intensity of the (003) . The present study further supports this view. In the oriented films of AD 0 , AD 1 and ADA prepared by high-T rubbing or epitaxy on PTFE, very similar ED patterns are obtained for the [001] and the [100] zones (see Fig. S4 and S9, ESI †). This is particularly evident when comparing the SAED patterns of the flat-lying lamellae of AD 0 , AD 1 and ADA. Moreover, HR-TEM reveals similar zipper-like structures for all three compounds. These analogies suggest a specific isomorphism of the AD 0 , AD 1 dyads and the ADA triad. This isomorphism is attributed to the dominant p-stacking of the PDI block over the donor block.
The type of zipper-like arrangement derived for AD 0 , can readily be transposed to the ADA triad, as illustrated in Fig. 3 . The two terminal PDI groups on each side of the donor block in ADA can p-stack while preserving an efficient packing of the donor groups and the lateral alkyl chains. Nevertheless and as noted earlier, the ADA co-oligomers form large-scale lamellar mesophases without annealing, indicating a stronger selfassembling than for the AD 0 and AD 1 dyads. This enhanced ordering ability of ADA derives from the fact that successive lamellae of ADA are strongly interdigitated along the c axis as seen in Fig. 3 . The AD dyad lamellae can grow in a sequential mode i.e. lamella after lamella, in a smectic-like system whereas for the ADA triad, interdigitation of the molecules confers a stronger 3D cohesion to the self-assembled structure.
(2) Origin of the zipper-like packing. The zipper-like packing derived in the present investigation differs markedly from the more classical herringbone or columnar structures commonly observed in PDI derivatives.
24 This zipper-like arrangement appears to be driven by two antagonistic self-assembling forces: (i) the tendency of p-stacked PDI units to assemble side-by-side (along the a axis) in order to make 2D layers of strongly interacting PDIs and (ii) the tendency of the alkyl side chains of the PDI and the donor block to assemble. The combination of both these forces leads to the zipper-like arrangement regardless of the length of the donor block. These results demonstrate that beside the strong p-stacking forces of the perylene cores, the lateral interactions between perylenes are also very important to generate 2-dimensional planes of PDI blocks. It would appear that a subtle choice of the alkyl side-chain on the imide position of the PDI unit may give a handle on the p-stacking of PDI units by controlling the shift d c between successive (b, c) layers of p-stacked co-oligomers in the zipper-like structure illustrated in Fig. 3 . This is an essential feature of these systems since the precise p-orbital overlaps between both the PDI blocks and the donor blocks controls charge transport properties via the charge transfer integral. 25 Accordingly, not only do the alkyl side chains play an essential role in terms of processing by imparting solubility in organic solvents to the conjugated co-oligomers, but they additionally can be rationally chosen in order to fine-tune the self-assembled structures generated in the solid state by the co-oligomers.
III. Conclusion
The most important results of this study deal with the growth, the structure and the orientation of PDI-based dyads and triads. First, high temperature rubbing, originally developed for largescale alignment of conjugated macromolecules, can equally well align co-oligomers without using any alignment substrate. This is of interest for addressing both structural and charge transport issues in co-oligomer thin films. Second, by using different substrates and orientation methods, major features of the structure of these complex molecular systems have been established by a combination of electron diffraction, grazing incidence-X-ray diffraction and high-resolution TEM. As a major result, an original zipper-like arrangement of both AD n and ADA co-oligomers has been uncovered. This particular organization appears to be driven by two antagonistic self-assembling forces: (i) the strong p-stacking of PDI units into dense PDI sheets and (ii) the grouping of the alkyl side chains of both the PDI and the donor blocks. This organization differs markedly from the previously reported PDI-based structures and illustrates the strong impact of the chemical design on both electronic and selfassembling properties of such donor-acceptor co-oligomers.
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